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INTRODUCTION 

In the porous -p la te  combust ion  s y s t e m ,  a n  unburned gaseous  fuel-'oxidant 

The  va r i e ty  of poss ib le  po re  s t r u c -  
mix tu re  i s  fed into the u p s t r e a m  s ide  of a porous  solid.  
ac t ion  zone i s  nea r  the d o w n s t r e a m  su r face .  
t u r e s  and so l id  m a t e r i a l s  o f f e r s  a va r i e ty  of r eac t ion  a r e a s .  
bus t ion  in the gas phase  above  the solid (a  f l ame) ,  in po res  l a rge  enough to p e r m i t  
e s sen t i a l ly  o rd ina ry  f l a m e s ,  in po res  too s m a l l  to p e r m i t  o r d i n a r y  f l a m e s ,  on the 
p o r e  s u r f a c e s  within a ca ta ly t ic  porous  med ium,  and combinations of these.  

The combustion o r  r e -  

They include c o m -  

Th i s  paper  p r e s e n t s  a theo re t i ca l  ana lys i s  of combustion in and above a non- 
ca t a ly t i c  so l id  with fine p o r e s .  
ope ra t ion  of such  a s y s t e m ,  and the opera t ing  cha rac t e r i s t i c s  a s  they depend on 

Its pu rpose  is to  ind ica te  the l imi t s  of s t eady- s t a t e  

. f l o w  r a t e .  

The location of the  combust ion  zone is deduced f r o m  the mode l ,  r a t h e r  than 
inc iuded  iii t k ~ s  assiirr,p:icr.s. 
p r e h e a t e r  o r  a s  a r e a c t o r .  
p la te  and m o s t  of the  combust ion  o c c u r s  above it. 
combust ion  occur s  in the  plate.  
t e r e s t  h e r e .  The  quant i ta t ive  r e s u l t s  a r e  n e c e s s a r i l y  in sepa rab le  f r o m  the a s sumed  
c h e m i c a l  kinetics and phys ica l  p rope r t i e s .  
to  , reasonably  r ea l  s y s t e m s ,  but in any  c a s e ,  they demons t r a t e  the types of operating 
houndar ies  to be encountered  in such  s y s t e m s .  

Pc ten t i a l ly ;  the poroiis plate can  opera te  e i the r  a s  a 
In  the f i r s t  c a s e ,  the incoming gases  a r e  heated in the 

In the o ther  c a s e ,  m o s t  of the 
The c h a r a c t e r i s t i c s  of both mechan i sms  a r e  of in-  

These  have been chosen to cor respond 

THE HYPOTHETICAL MODEL' 

The  s y s t e m  i s  defined to be unid imens iona l ,  with a semi- inf in i te  porous solid.  
Within the porous p h a s e ,  the gas and so l id  t e m p e r a t u r e s  a r e  equivalent,  and the 
p o r e s  a r e  sufficiently fine tha t  the equations appl icable  to a homogeneous phase  can  
be used. 
ou ts ide  the solid.  

based  on those  p re sen ted  by Spalding.' T o  so lve  the equat ions ,  even numer i ca l ly ,  a 
r e l a t ionsh ip  between the loca l  t e m p e r a t u r e  and composition i s  e x t r e m e l y  convenient. 
In the porous phase ,  the a s sumpt ion  of no  m a s s  diffusion gene ra t e s  this relationship.  
In the gas reg ion ,  the a s sumpt ion  of a Lewis number  of 1 ,  a s  originally suggested by 
Semenov ,* s e rve s this pu rpose .  

conveniently se t  in t e r m s  of m a s s  f r ac t ion  of the fue l  (.for a lean  sys t em)  and the 
t e m p e r a t u r e ,  in thc m a n n e r  used by Spalding.. The r e su l t i ng  s t eady- s t a t e  equations,  
in t e r m s  of reduced va . r iab les ,  a r e :  

F o r  the region outside the so l id  

The chemica l  k ine t ics  a r e  the  s a m e  within the p o r e s  a s  in the gas phase .  

The  equations to d e s c r i b e  the ene rgy  and m a s s  t r a n s f e r  in this s y s t e m  a r e  

F u r t h e r m o r e ,  thc formula t ion  of the ove ra l l  kinetics of the reac t ion  is m o s t  
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,J F o r  the porous region 

r d2T/d?-ddT/dy + anT?fgak’ = 0 k 

Q = 1- T t rk d r  f d y  

(3 )  ’ -  

’ where  

T = t e m p e r a t u r e  above the feed g a s  t e m p e r a t u r e  re la t ive  to  the 8 

adiabat ic  t e m p e r a t u r e  r i s e  

= distance X gas  spec i f ic  h e a t X  gas m a s s  veloci ty  f gas  y 
l t h e r m a l  conductivity 

a = fuel  m a s s  f rac t ion  re la t ive  to inlet  fue l  m a s s  f rac t ion  

rk  

g m a s s  veloci ty  re la t ive  to the ad iaba t ic  burning veloci ty  

= mean  sol id  t h e r m a l  conductivity re la t ive  to tha t  of the  gas 

n = overa l l  o r d e r  of reac t ion  in terms of fue l  f rac t ion  

Tm = 

P = poros i ty  of the sol id  

k z  = cons tan t  

The in te rac t ion  of the s y s t e m  with the surroundings o c c u r s  only by r ad ia -  
tion to and f r o m  the porous-p la te  sur face .  With th i s ,  the conditions at  the bound- 

t e m p e r a t u r e  dependence of reac t ion  r a t e  

\ a r i e s  a r e :  

y = - m :  T = 0, d T f d y  = 0 ( 5) 

( 6) 

( 7 )  

y = cu : 

y = 0 : 

T = r f ,  d T / d y  = 0 

E T S  = g ( 1  - T f )  t 6 T b S  

T~ = 1 + rk(dT/dy)  - ( d r / d y ) y  ,o ( 8) Y<O 

i f  y i s  z e r o  a t  the s u r f a c e ,  T i s  the f ina l  gas  t e m p e r a t u r e ,  Tb is the t e m p e r a t u r e  
of the sur roundings ,  and ETS is the radiat ion law fo r  the solld. f 

L 

The solution of Equat ions 1 through 8 f o r  a specif ied g and Tb cons is t s  of 
finding a t e m p e r a t u r e  dis t r ibut ion in the porous  phase f r o m  3 and 5 ,  and one in the 
g a s  phase  f r o m  1 and 6 ,  tha t  can  b e  l inked up at the s u r f a c e  in accordance  with 7 
and 8. 
t e m p e r a t u r e ,  depending on the opera t ing  p a r a m e t e r s .  

’ 
Two, one ,  o r  n o  solut ions m a y  exist, f o r  a given flow r a t e  and  surrounding 

Although reac t ion  o c c u r s  in both p h a s e s ,  the solutions c o r r e s p o n d  to the 
i porous  phase act ing p r i m a r i l y  a s  a h e a t e r ,  with the m a j o r  combust ion in the gas 

p h a s e ,  o r  to the m a j o r  combust ion occurr ing  in the porous phase.  In this  p a p e r ,  
t h e s e  r e g i m e s  a r e  r e f e r r e d  to  a s  p r e h e a t e r  and r e a c t o r ,  respec t ive ly ,  to empha-  
s i z e  the ro le  of the p ~ r o u s  sol id .  

I 
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The lack of a s t e a d y - s t a t e  solut ion m u s t  i m p l y  the imposs ib i l i ty  of s table  
opera t ion  for  the p a r t i c u l a r  input  and sur rounding  t e m p e r a t u r e .  Also ,  m o r e  than 
one  s teady-s ta te  solut ion m a y  e x i s t  f o r  a n y  given s e t  of conditions.  On the other  
hand , the  ex is tence  of a s t e a d y - s t a t e  solut ion does  not n e c e s s i t a t e  s t a b l e  operation, 
s i n c e  o t h e r  f a c t o r s  m a y  b e  involved. 

1 
~ 

RESULTS 

In the p r i m a r y  example u s e d  for a n a l y s i s ,  values  of the p a r a m e t e r s  a r e  
n.2, m= 1 0 ,  ~ ~ 1 . 1 7 ,  S = 3  and P z 0 . 3 .  As shown in previous  work ,3  m= 10 is appro-  
p r i a t e  for  m e t h a n e - a i r  s y s t e m s .  
f l a m e  t e m p e r a t u r e  of 2190"K,  the values  f o r  E and S c o r r e s p o n d  to a bla'ck-body 
radiation.1aw. Two va lues  of r w e r e  s tud ied ,  5 and 2 0 ,  corresponding  to insulating , 
and high-conduct ivi ty  p o r o u s  sokids,  respec t ive ly .  

F o r  a 105 p e r c e n t  a e r a t e d  flame with a n  adiabatic 

' 

In F i g u r e  1 ,  a typ ica l  s e t  of t e m p e r a t u r e  d is t r ibu t ion  c u r v e s  is presented.  
Kote tha t  Equat ions 3 ,  4 ,  and 5 define the t e m p e r a t u r e  d is t r ibu t ion  in  the porous 
phase  with the flow r a t e  as  t h e  only opera t ing  p a r a m e t e r .  
monotonical ly  with flow r a t e .  
s t a t e  solution. 
a s u r f a c e  cons is ten t  with Equat ions 6 ,  7 ,  and 8 ex is t s .  
with r e s p e c t  to the t e m p e r a t u r e  dis t r ibut ion of the porous  phase  depends on the s u r -  
rounding t e m p e r a t u r e  a n d  on the solut ion f o r  the gas  phase.  

The  max imum T increases  
Any finite flow r a t e  wil l  yield a porous  phase  steady- 

However ,  the whole s y s t e m  has a val id  s t e a d y - s t a t e  solution only if 
The  locat ion of the surface 

In F i g u r e  2,  the s t e a d y  s t a t e s  for  a sur roundings  t e m p e r a t u r e  (Tb) of 0.4 a r e  

The  lower  input l i m i t  i s  the s a m e  for  the 
shown f o r  r k =  5 i n  t e r m s  of the s u r f a c e  and f inal  gas  t e m p e r a t u r e s .  
behavior  of these  s y s t e m s  when TG is low. 
sol id  behaving a s  a r e a c t o r  o r  a s  a p r e h e a t e r .  
z e r o .  The  upper  input l i m i t  of the p r e h e a t e r  reg ion  c o r r e s p o n d s  to the situation 
when all the incoming rad ia t ion  goes into preheat ing the gas .  
t e r i s t i c  is the m a x i m u m  in  the  s u r f a c e  t e m p e r a t u r e  vs. feed r a t e  c u r v e  f o r  p r e -  
h e a t e r  operat ion.  
of operat ion.  

p re sumab ly  is de t e rmined  by the path to the s t e a d y  s ta te .  
cold a t  a flow r a t e  within the prehea t  r e g i o n ,  it will  behave  as  a prehea ter .  
s t a r t e d  a t  a h igher  r a t e  w h e r e  the sol id  is a r e a c t o r ,  a reduct ion in flow r a t e  would 
keep the s y s t e m  in tha t  r e g i m e .  The  type of instabi l i ty  which  r e s u l t s  f r o m  a r e -  
duction of the flow r a t e  beyond the lower  input l imi t  i s . n o t  known f r o m  this analysis .  
However ,  the ex ten t  of r e a c t i o n  is 16 p e r c e n t  within the sol id  a t  the lower l imi t ,  
which woiild indicate  tha t  the s y s t e m  would go into f lashback.  

In Fig( i rc  3 ,  the c h a r a c t e r i s t i c s  of the s a m e  s y s t e m  ( r k =  5) a t  high sur round-  
ing t e m p e r a t u r e s  a r e  i l l u s t r a t e d  w-ith ~ \ , = . 6 .  At low f lows,  no  s teady  s t a t e s  a r e  pOS- 
s ihle .  The  r e g i m e s !  in  o r d e r  o t  increas ing  f l o w ' r a t e ,  then c o n s i s t  of one in which 
only p r e h e a t e r  hchavior  i s  poss i I ) lc ,  one in which Imth p r e h e a t e r  and r e a c t o r  b e -  
havior  i s  poss ih lc ,  and one in  u.]lich only r e a c t o r  behavior  is possible .  
i n i p l y  thc cxistencc! o f  two lower  l i n i i t s ,  depending o n  opera t ion  a s  a prehea ter  or  as 
:I r e a c t o r .  
in par t i r i i l a r  whe the r  the lo\vcr l imi t  f o r  the r e a c t o r  c o r r e s p o n d s  to a discontinuous 
t r a n s i t i o n  to  p r c h e a t c r  hchavior  o r  d i r e c t l y  to f lashback.  

This  i s  the 

It is  not  z e r o  i f  Tb is g r e a t e r  than 

Another notable c h a r a c -  

T h u s ,  a m a x i m u m  yie ld  of rad ia t ion  e n e r g y  e x i s t s  for this type , 
T h e  choice when  t h e r e  a r e  two poss ib le  s t e a d y  s t a t e s  a t  a given flow ra te  

If the b u r n e r  is s ta r ted  
If i t  is  

, 
These  resu l t s  

Again ,  this  type o f  a n a l y s i s  cannot  ant ic ipate  the behavior  a t  these bounds, 

The equivalent  s y s t e m ,  biit with a h i g h e r  r e l a t i j e  t h e r m a l  conductivity fo r  the 
porous  p h a s e ,  r = L O ,  i s  s i m i l a r  t o  the r k =  5 s y s t e m  in m o s t  a s p e c t s .  The separa t ion  
(if  the lower hounds for p r e h e a t e r  and r e a c t o r  o c c u r s  a t  lower  sur rounding  t e m p e r a -  
t u r c s ,  a s  sh0u.n in F ig i i rc  4. 
p e a r s .  
and  too low for  r e a c t o r  behavior .  

k 

A t  higher  t e m p e r a t u r e s ,  another  type of behavior aP-  
F o r  T \ , = 0 . 6 ,  ( F i g u r e  5 )  t h e r e  is a flow reg ion  too h igh  for p r e h e a t e r  activity 
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Flg.  1.-TEMPERATURE DISTRIBUTIONS IN POROUS SOLID AND GAS PHASES 
WITH POROUS PHASE ACTING AS PREHEATER AND AS REACTOR, 

T b =  0.4, r k =  5. 

OJ I O  
REDUCED FLOW RATE, g 

Fig .  2.-FINAL GAS TEMPERATURE +ND TEMPERATURE O F  THE SURFACE 
O F  THE POROUS SOLID AS FUNCTIONS O F  GAS FLOW R A T E ,  

T~ 0 .4 ,  rk = 5. 
I 
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F 1 2 .  3.-FISAL GAS TEMPERATURE AND TEMPERATURE O F  THE SURFACE 
O F  T H E  POROUS SOLID AS FUIL'CTIONS O F  F L O W  R A T E ,  

Tb = 0 . 6 ,  r k =  5. 
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' ( 1  
g o 2  . . . . . .  : i .  . . . . . . . . .  

I 1 I 1  . . . . . . . . . . . . . . .  . . .  . *- 
I I , . , j , I -+ -  

0 1 1 : l  
03 1.0 0 

A - S W O 8  
REDUCED FLOW RATE, .g 

/ 

, 

1 1 2 .  -i.-FISAL (;AS TEiMPERATURE AKD TEMPERATURE O F  THE SURFACE 
O F  TIIE PORO1:S SOLID AS FIJNCTIONS OF GAS FLOW RATE,  

T,, 0 . 4 ,  rk = 20.  I 
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Fig.  5.-FINAL GAS TEMPERATURE AND TEMPERATURE O F  THE SURFACE 
O F  THE POROUS SOLID AS FUNCTIONS OF GAS FLOW RATE,  

T~ = 0 . 6 ,  rk = 20. 



SUMMARY 1 

The theo re t i ca l  ana lys i s  demons t r a t e s  the ex is tence  of h e a t  input l imi t s  
( l i m i t s  of s t eady- s t a t e  opera t ion)  for  a noncatalytic porous-p la te  b u r n e r .  I t  in- 
d i ca t e s  the re la t ive  location of t hese  l imi t s  and the e f fec t  of the t empera tu re  of 
the sur roundings .  T h e  ana lys i s  a l s o  shows the s u r f a c e  t e m p e r a t u r e s  a s  a function 
of input and su r round ing  t e m p e r a t u r e .  

, 

The porous  p l a t e  can  ope ra t e  in two ways :  

1)  As a p rehea te r  - T h e  incoming g a s e s  a r e  p rehea ted  a s  they p a s s  through the 
p l a t e ,  with mos t  of the combustion o c c u r r i n g  above the plate.  

2) As a r eac to r  - The  f u e l - a i r  mix tu re  r e a c t s  p r i m a r i l y  in the p la te  r a t h e r  than 
above i t .  

T h r e e  d i f fe ren t  input 1 imi t s . fo r  s t eady- s t a t e  opera t ion  a r e  shown to exis t :  

1 )  An upper l imi t  fo r  ope ra t ion  a s  a p r e h e a t e r .  

2) A lower l imi t  for p r e h e a t e r  opera t ion .  

3 )  A lower l imi t  f o r  r e a c t o r  operation. 

L imi t s  2 and 3 can  be  iden t i ca l  under s o m e  conditions. 

The porous  p l a t e  can  s o m e t i m e s  a c t  e i the r  a s  a p rehea te r  o r  a s  a reac tor  
a t  a given input. 
the two mechan i sms  s i n c e  the  plate s u r f a c e  t e m p e r a t u r e s  a r e  often s imi l a r .  The 
appropr i a t e  m e c h a n i s m  c a n  be de t e rmined  m o s t  r ead i ly  by de termining  the effect 
of var ia t ions  in the input r a t e  on the  s u r f a c e  t e m p e r a t u r e .  

In such  a c a s e ,  i t  m a y  be difficii l t  t o  vlu+!ly differe-tiate b e t - ~ e e i i  

I 
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